Te-promoted (1%) vanadium phosphate catalyst (VPDTe) was prepared via VOPO 4 ·2H 2 O by calcining its precursor VOHPO 4 ·0.5H 2 O in a flow of n-butane/air. VPDTe catalyst has resulted a higher existence of V 5+ phase with V 5+ /V 4+ ratio of 0.23. SEM micrographs show that Te addition altered the arrangement of the platelets from "rose-like" clusters to layer with irregular shape. Te addition has also markedly lowered the reduction activation energies of the vanadium phosphate catalyst as revealed by TPR profile. The amount of active oxygen species associated with V 4+ phase of the Te promoted catalyst was significantly higher than those of the unpromoted catalyst. These observations suggest that high mobility and availability of reactive oxygen species contributed to the enhancement of n-butane conversion up to 80% at 673 K, while only 47% over unpromoted catalyst (2400 h −1 , 1.7% n-butane in air).
Introduction
Vanadium phosphate (VPO) catalysts represent one of the most well studied heterogeneous catalysts since they remain one of the few known catalysts capable of selective oxidation of alkanes. One of the key areas studied is the promotion of these catalysts by low levels of metal compounds. A wide range of cations have been reported to be added to vanadium phosphate catalysts with some of them give beneficial effects, including Co [1−4] , Cr [2, 5, 6] , Bi [7, 8] , Fe [6, 9] , Mo [10] , Ni [6, 11] , Mn [6, 12] , Nb [13, 14] and Ga [15] . The addition of the first row transition metals to VPO catalysts is claimed to produce an improvement in the conversion of n-butane and the yield to maleic anhydride [16] . However, it appears that the way in which promoters are introduced is of crucial importance. A bimetallic promoter was also introduced to VPO catalyst [17, 18] .
To our knowledge, Te is another potential promoter which has not been explored. Addition of a small amount of TeO 2 to VPO catalysts has shown an improvement on the selectivity and yield to acrylic acid for selective oxidation of propane [19] . Thus, as a promoter, the role of Te in affecting the physicochemical properties of the catalyst and catalytic behaviour towards n-butane oxidation was studied and discussed in this study.
Experimental

Catalysts preparation
VOPO 4 ·2H 2 O was first prepared by employing the reaction of V 2 O 5 (8.0 g) with o-H 3 PO 4 (30 mL, 85%) in water (120 mL). This mixture with P : V atomic ratio (ca. 1 : 1) was refluxed under rapid stirring for 24 h until yellow product was obtained. The solid was recovered by filtration, washed sparingly with water, followed by acetone and oven-dried at 383 K overnight. Then VOPO 4 ·2H 2 O was heated again in iso-butanol (1 g/20 mL) and maintained reflux under constant stirring for 21 h. After the reduction reaction was completed, the blue solid phase was recovered by centrifugation and dried in an oven at 383 K overnight. This solid was confirmed by XRD as VOHPO 4 ·0.5H 2 O and denoted by PVPD as the unpromoted precursor. Meanwhile, the preparation of Tepromoted catalyst precursor was similar to that of the unpromoted precursor except for the addition of 1% TeO 2 to VOPO 4 ·2H 2 O (atomic ratio M/V = 0.01). Both unpromoted and Te-promoted precursors were then subjected to calcination at 733 K for 18 h in a flow of n-butane/air mixture (0.75% n-butane in air). The resulting catalysts were designated as VPD and VPDTe, respectively.
Catalysts characterization
The bulk chemical composition was determined by an ICP-AES Perkin Elmer emission spectrometer model plasma 1000. The average oxidation states of V in the catalysts were determined by redox titration following the method of Niwa and Murakami [20] . BET surface area was measured by N 2 adsorption at 77 K. This was done by Thermo-Finnigan Sorptomatic 1990 Series nitrogen adsorption-desorption analyzer. XRD analysis was carried out using a Shimadzu Diffractometer model XRD-6000 employing Cu K α radiation to generate diffraction patterns at ambient temperature. SEM was done by Jeol JSM-6400 electron microscope. TPR analysis was performed using a Thermo Finnigan TPDRO 1110 apparatus equipped with a thermal conductivity detector.
Catalyst performance testing
The catalysts with a standard mass (250 mg) were first pelleted and sieved to give 250−300 μm particles in diameter. The gases, n-butane and air were fed into the fixed-bed microreactor via calibrated mass flow controllers to give a feedstock composition of 1.7% n-butane in air at GSHV of 2400 h −1 . Temperature control, generally ±1 K, was achieved using a thermocouple inserted into the centre of the microreactor. Gas lines to and from the reactor were heated to prevent the condensation of MA. Products were analyzed using online gas chromatography and carbon mass balances of ∼ 95% were typically observed.
Results and discussion
BET surface area measurement and chemical analysis
Both unpromoted and Te-promoted catalysts gave similar P/V ratios of 1.00 and 1.01, respectively, which indicates that Te dopant does not alter the composition of the catalyst and thus has a stabilizing effect on the catalyst surface. The addition of Te markedly decreased the surface area from 25 m 2 ·g −1 (unpromoted) to 18 m 2 ·g −1 .
There was an increment of V 5+ phase detected in catalyst promoted with Te, which is in accord with the increasing average oxidation state of V in the catalyst (Figure 1 ). More than double increment resulted (Table 1 ) with 19% V 5+ species was detected present in the bulk of VPDTe catalyst compared with only 8% of VPD catalyst. This indicates that the presence of Te induced the development of V 5+ phase.
Several VOPO 4 phases present in low proportion have been claimed to be necessary for catalytic oxidation of n-butane [21] . Previous studies had demonstrated that (VO) 2 P 2 O 7 alone is not the active phase for selective oxidation of n-butane to MA, and a suitable V 5+ /V 4+ balance is required for the best performance of this material [22] . Surprisingly, an increase of V 5+ phases with a V 5+ /V 4+ ratio of 0.23 was obtained in our study, which was almost similar to the optimal value reported by Abon et al. [4] . Figure 1 shows the XRD patterns of VPD and VPDTe catalysts after calcination in n-butane/air mixture. The result indicated similar diffraction pattern of both catalysts composed of a well crystallised (VO) 2 
X-ray dif fraction (XRD)
Surface morphology
The unpromoted catalyst (Figure 2a ) illustrated platelets which are densely packed to form "rose-like" clusters. The platelets were small which contributed to large amount of rosette-shape clusters in the catalyst. Meanwhile, the present of 1% Te somehow altered the arrangement of the platelets formed in the catalyst and changed the cluster to layer with irregular shape (Figure 2b) . The sizes of platelets were bigger after the introduction of Te than that of the unpromoted catalyst. 
Temperature-programmed reduction (TPR)
Information as to the nature and the oxidizing species available from the catalysts was obtained by TPR in H 2 /Ar analysis as shown in Figure 3 . There were two kinetically different reduction peaks for both catalysts, which shows the presence of two types of oxygen species. The first peak was assigned to the removal of oxygen species associated with V 5+ , whereas the latter peak due to the removal of the oxygen species associated with V 4+ phase [23] . From Figure 3 , it is also noted that the reduction peak temperatures decreased for Te-promoted catalyst, by which the reduction activation energy was lowered and the availability of reactive lattice oxygen species was enhanced, implying that Te-promoted catalyst will give better catalytic activity compared with the unpromoted counter part. The total amount of lattice oxygen removed from unpromoted VPD catalyst was 10.35×10 20 atom·g −1 with 0.84×10 20 and 9.51×10 20 atom·g −1 for peaks maxima at 876 and 1050 K, respectively ( Table 2) . Meanwhile, the total amount of O 2 removed for VPDTe catalyst was tremendously increased to 15.30×10 20 
Catalytic evaluation
The addition of Te significantly affected the catalytic performance of the catalyst by giving beneficial effect to nbutane conversion (Table 3 ). The value of n-butane conversion remarkably rose from 47% for unpromoted catalyst to 80% for Te-promoted catalyst without sacrificing the MA selectivity. Although the surface area was lower compared with the unpromoted catalyst, VPDTe catalyst significantly demonstrated better activity, indicating that surface area of the catalyst is not the main factor affecting the activity. The enhancement of the catalytic performance of Te-promoted catalyst was attributed to the larger amount of highly reactive oxygen species (O − ) removed from the catalysts and also a lower reduction peak temperature for this oxygen species. The main role of this oxygen species is to activate the hydrocarbon and accelerate the oxidation reaction. A good correlation was ob-served between the oxygen species associated with V 4+ and the butane conversion [24, 25] . Furthermore, the existence of the larger amount of V 5+ phase which is responsible for a larger amount of anion O 2− also clearly contributes to the improvement of the activity. Having closely to the optimum V 5+ /V 4+ ratio of 0.23 also indicated that a combination of minor V 5+ sites in the bulk of vanadium phosphate is important to enhance the activity of the catalyst. 
Conclusions
(1) Te-promoted vanadium phosphate catalyst is successfully prepared through dihydrate VOPO 4 ·2H 2 O route. Te has significantly enhanced the catalytic performance of VPO catalysts in n-butane oxidation to MA.
(2) Te has weakened the oxygen bonding of the VPDTe catalyst which leads to higher mobility and more reactive of this oxygen species (mainly O − ) associated with V 4+ , thus promoting the catalyst activity for n-butane oxidation.
(3) A nearly optimum ratio of V 5+ /V 4+ phase in the bulk VPDTe catalyst has been achieved, which suggests that a presence of ∼25% V 5+ phase is important to promote the catalyst property.
